The binding of an anionic surfactant onto an anionic surface by addition of divalent ions is reported based on experimental data from specular neutron reflection (NR) and attenuated total internal reflection IR spectroscopy (ATR-IR). Similar measurements using monovalent ions (sodium) do not show any evidence of such adsorption, even though the amount of surfactant can be much higher. This data is interpreted in terms of the so-called bridging mechanism of ion binding.
■ INTRODUCTION
The adsorption of surfactants and other species from solution to solid surfaces underpins many academic and commercially important systems from detergency to oil recovery. There has been a significant amount of work considering the adsorption of cationic or mixed surfactants on anionic surfaces. 1−5 However, the adsorption of charged surfactants on similarly charged surfaces is rather unusual. Indeed, one might expect rather little adsorption due to the electrostatic repulsion between the molecules and the surface. However, in the presence of multivalent ions of opposite charge to the surface and surfactant there have been reports of enhanced adsorption, attributed to the so-called "bridging" effect.
There have been a number of thermodynamic studies of bridging, most particularly for DNA on clays. 6 Thorarinn et al. 7 proposed that the mechanism of cation bridging plays an important role in adsorption of organic matter onto montmorillonite, since the calcium ions enhanced the adsorption, while there was no such enhancement with sodium ions. A number of papers also highlighted the involvement of this mechanism in industrial applications: in particular, Buckley, 8 Lager, 9 and Lee 10 showed this specific ion-binding in application for a crude oil adsorption mechanism. In addition, some surface force measurements 11 have been interpreted as indicating cation bridgingan attractive force has been observed between negatively charged polyacrylate and a like-charged silica surface in the presence of divalent cations over monovalent ones 12, 13 and a strong attraction between two negatively charged mineral surfaces in the presence of divalent cations. 14 Attraction has also been observed between negatively charged polymer colloids with divalent ions. 15 Atomic force microscopy was also used to detect an attraction between two silica surfaces upon addition of Co ions 16 and between positively charged colloidal particles with polyanions. 17 Bridging can also be considered as a two-step process, where the multivalent ions adsorb to one surface reversing its charge and hence making it more attractive to the adsorbing surfactant with the opposite charge. A number of papers emphasized this mechanism by showing the role of multivalent ions as a mediator. 18−27 In addition to this, biomolecules such as DNA and proteins 28−32 were also observed to interact with likecharged surfaces in presence of mutivalent ions.
In this work we report the adsorption of the anionic surfactant aerosol-OT (AOT), sodium bis(2-ethylhexyl) sulfosuccinate, illustrated in Figure 1 , onto the surface of a silicon wafer with a native oxide. The surface of the oxide has a number of Si−OH groups that give rise to a pH-dependent surface charge. The isoelectric point for silica is approximately pH = 2, 33−35 and the surface becomes increasingly negative as the pH is increased. 36−39 Hence, over most of the accessible pH range in water both the AOT and silica will be negative (pK a of AOT = 2 40 ). Here we also consider the adsorption of the AOT on the silica in the presence of divalent counterions.
■ TECHNIQUES Neutron Reflection. Specular neutron reflection is a powerful technique to study the structure and composition of absorbed species and buried interfaces on molecular scales. 41 The technique involves a highly collimated beam of neutrons impinging onto a very flat surface. In specular reflection, of interest here, the incident angle is equal to the reflected angle (θ), and the scattering is elastic. The reflected intensity is measured as a function of the momentum transfer, Q, normal to the reflecting surface.
where λ is the incident neutron wavelength. Neutron reflection can be treated in an analogous way to the reflection of light. The neutron reflective index (n) of nonabsorbing materials can be defined as
where ρ is the scattering length density (SLD) of the material and defined by
where v M is the molecular volume, b coh is the coherent scattering length of each element present, and the sum is over all atoms in the molecule. The scattering length varies across the periodic table and between isotopes. Typical values of ρ of interest here are given in Table 1 .
The scattering length density is related to the volume fraction of each component within the layer and is given by ρ ρ φ ρ φ = + where ρ 1 and ρ 2 are the scattering length density of component 1 and 2, and φ 1 and φ 2 are their volume fractions, where the sum of the volume fractions must be unity (i.e., φ 1 + φ 2 = 1). Neutrons are effective in characterizing such adsorbed layer systems, particularly when isotopes are used for contrast matching and contrast variation. These allow complicated systems to be simplified dramatically without changing their chemical properties and hence enable one to identify and characterize substrates and any adsorbed layers effectively, highlighting particular regions of interest.
Experimental neutron reflectivity profiles of the different contrasts were simultaneously analyzed using RasCal (version Beta 1, A. Hughes, ISIS Spallation Neutron Source, Rutherford Appleton Laboratory) which employs an optical matrix formalism 42 based on the Abeles method. In this approach the interface is described as a series of slabs, each of which is characterized by its SLD, thickness, and roughness. A leastsquares minimization is used to determine the best fit parameters. In all cases the simplest possible model, which adequately described the data, was selected, and all samples under different isotopic contrasts were constrained to be fitted with the same structure (layer and thickness profile) with only the SLD from the different water contrasts varied. Errors on the fitted final values were computed using a bootstrap error estimate method.
Attenuated Total Internal Reflection Infrared (ATR-IR). ATR-IR spectroscopy is a technique used to obtain IR spectroscopic data from a surface immersed in a highly IR absorbing liquid such as water. The IR beam is transmitted through an internal reflection element (IRE) rather than the liquid phase, and hence, little adsorption from the bulk liquid is apparent in a recorded spectra. One advantage of this technique is that the surface sensitivity is enhanced through multiple reflections from the interface at angles below the critical angle. As the IR beam is reflected it gives rise to a standing evanescent wave that extends a short distance into the overlying liquid phase, which decays exponentially with the distance from the IRE with a characteristic length scale, where the refractive index of a sample liquid is n 2 at a wavelength, λ, the refractive index of the internal reflection element, n 1 , and the angle of incidence, θ (for example, n of Si crystal = 3.4). This gives rise to an enhanced intensity in the IR spectrum of material close to the IRE surface. For a silicon IRE and an angle of incidence of 60°the penetration depth is typically of the order of 3−4 μm; ATR-IR data therefore contain a contribution from both the bulk solution and the adsorbed layer. In cases where the solution concentration is low and the adsorbed film is comparatively densely packed the observed spectrum is dominated by the adsorbed layer. 46, 47 Hence, this approach is ideally suited to the study of adsorbed layers under water where the strong water adsorption bands preclude other IR spectroscopic techniques.
■ EXPERIMENTAL SECTION
Silicon wafers (55 mm diameter, 5 mm thick, Si (111), N type/Pdoped, single side polished, resistivity 1−12 ohm cm) were obtained from CRYSTRAN. Sodium bis(2-ethylhexyl) sulfosuccinate (≥99.0% purity), NaAOT, was purchased from Sigma-Aldrich and used to prepare calcium AOT samples according to the method of Eastoe et al. 48 It should be noted that the exchange reaction of sodium to calcium also changes the stoichiometry from 1:1 (NaAOT) to 2:1 (Ca(AOT) 2 ). In brief the method of exchange includes a liquid−liquid ion-exchange process using a mixture of a saturated calcium nitrate (50 mL, 99.997%, Aldrich) aqueous solution and 1.0 M solution of NaAOT in absolute ethanol (25 mL, >99.8%, Aldrich). This mixture was shaken well and separated with diethyl ether (10 mL, >99.9%, Aldrich). Excess amount of nitrate ion was washed repeatedly with water and checked by the brown ring test. The Ca(AOT) 2 containing organic upper layer was then evaporated on a rotary evaporator and then left in a vacuum oven at 40°C for 48 h. NaAOT was purified using the procedure of Li et al. 49 before adsorption. The silicon wafers were cleaned by mild piranha with a concentration of 5:4:1 of H 2 O, concentrated sulfuric acid, and 30% H 2 O 2 at temperature near 80°C for 15 min, followed by extensive rinsing with ultrapure water. Then, the wafers were exposed to UVozone for 10 min. All glassware, plastic bottles, other parts of the cell, and connecting tubing were cleaned with Decon 90 followed by extensive rinsing with ultrapure water.
The silicon wafer was clamped against a PTFE trough to make a solid/liquid cell by means of a steel assembly. Solutions were prepared and injected into in the cell manually. The solutions were injected and replaced several times to ensure complete exchange of solutions.
The neutron reflection measurements were made on D17 at the Institute Laue Langevin, Grenoble, France, 50 and INTER at ISIS, the Rutherford Appleton Laboratory. 51 The instruments use either a chopper-shaped pulse of neutrons from the reactor (D17, lambda 2− 30 Å) or spallation target (INTER, lambda 1−15 Å) sources. The wavelength is determined by time-of-flight to the detector. For D17 the reflection is collected with the solid/liquid sample in the vertical plane and the incident and reflected beams in the horizontal plane. For INTER, the solid/liquid interface is horizontal and the incident beam is projected down on to the surface and then reflected up. D17 uses a 2D multidetector, and on INTER a single detector is used. Wavelength and scattering angle were used to calculate the appropriate momentum transfer, Q. 50, 51 For the 2D detector on D17 the counts can be presented as a function of in-plane scattering angle by summing the counts in columns for each time slice (wavelength). The variation of the reflected signal with wavelength is then obtained for both instruments by normalization to separate transmission measurements straight through the silicon wafer. The beam resolution (Δq/q) on INTER was 4% and (λΔ/λ) 1−7% on D17. The data were analyzed using the software RasCAL. 52 The solid−liquid cell was mounted on a sample changer on both instruments which were attached to accurate goniometers used to very accurately align the sample and optimize the reflected signal. The measurements were all made at room temperature.
The substrates were initially characterized with three contrasts of water (H 2 O, D 2 O, and contrast-matched water to silicon (CMWSi)) before exposure to the surfactant solutions with the different metals present as counterions.
Attenuated total reflection infrared (ATR-IR) experiments were performed on a PerkinElmer Spectrum 100 FTIR spectrometer (fitted with a liquid nitrogen cooled mercury cadmium telluride detector) in the Department of Chemistry, University of Cambridge. This device uses a trapezoidal silicon IRE (50 × 20 × 2 mm, CRYSTRAN Ltd.) in a solid/liquid cell. The silicon IREs were cleaned with the same procedures used for the neutron experiments as were the Teflon components of the solid/liquid cell. To avoid the very strong adsorption bands from water perturbing the C−H stretching modes of interest, heavy water (D 2 O) was used as the solution phase. To ensure similarity of cleanliness between the neutron and ATR experiments, the usual stainless steel sample container on the ATR was manufactured in PTFE. However, essentially similar results were obtained in both stainless steel and Teflon cells.
■ RESULTS
The reflectivity profiles of a bare silicon crystal in three contrasts of D 2 O, H 2 O, and CMWSi are shown in Figure 2 . The profiles were fitted with the scattering length density parameters expected for silicon, oxide, D 2 O, H 2 O, and CMWSi (see Table 1 ), and very good agreement was found between the expected and experimental data as shown in Figure 2 . A surface roughness of 2 ± 1 Å and an oxide layer of 15 ± 3 Å with a roughness of 2 ± 1 Å were included in the model. These values are in very good agreement with many other studies of Si wafers by neutron reflection.
Subsequent adsorption of AOT solutions onto silicon wafers was performed on a freshly cleaned substrate for each sample and its pH. This approach was adopted to avoid any potential contamination sample to sample, particularly from bound Ca 2+ counterions (Fragnetto, G., personal communication). All the substrate crystals were investigated as described above prior to adsorption with three water contrasts. The measured reflectivity was very similar to that shown in Figure 2 with very similar fitted structural parameters, showing good repeatability.
AOT Adsorption: Effects of Counterion Valency and pH. Neutron reflectivity profiles were measured for hydrogenated NaAOT in D 2 O with concentrations of 2.5 mM (CMC 49 ) and 5 mM (2 × CMC) at pH 7. As illustrated in Figure 3 , the reflectivity profiles with and without the NaAOT in D 2 O are identical within the error bars of the data. Hence, we conclude that exposure to the NaAOT (with a monovalent ion, sodium) does not lead to any significant adsorption of the AOT, even at high concentration (twice the CMC). This measurement was repeated with a different silicon crystal and fresh NaAOT sample. Again, no adsorption was observed on either occasion.
In contrast, Figure 4a displays the neutron reflection data from a solution of CaAOT with a concentration of 0.5 mM (CMC 49 ) in D 2 O on silicon. These data exhibit pronounced differences in reflectivity between the bare substrate and with the CaAOT which clearly indicates pronounced adsorption. This adsorption is interesting given that the absolute concentration of the AOT is much lower in the presence of Ca 2+ than Na + , yet significantly more adsorption is observed. The adsorption of CaAOT was also repeated on different silicon wafers, with a different batch of CaAOT and on different instruments on different neutron facilities, and was found to be completely reproducible. Hence, we conclude that there is adsorption of AOT, an anionic surfactant on the negatively , but not monovalent, Na + . Figure 4 presents the reflection data from the adsorption of CaAOT at the pHs of 4, 7 and 9, compared to that of the bare silicon wafer. The data at the pH of 4 is essentially unchanged from the bare silicon; hence, we conclude there is no significant adsorption at this low pH. However, at pH 7 and 9, as discussed above, there is significant adsorption.
This variation in adsorption with pH arises from a number of surface and solution equilibria including the variation of silica surface charge with pH. At higher pH, the surface becomes more negative through dissociation of SiOH groups to give more anionic SiO − . The isoelectric point of silica is usually taken to be low (pH ≈ 2), and the surface gets more negative as the pH increases, although the rate of increase decreases. These anionic surface sites would be able to interact more readily with Ca 2+ ions. The surface equilibria are discussed further below. Structure of the Adsorbed Layer. Figure 4 presents the reflection data from the adsorption of CaAOT in two different water contrasts(a) D 2 O and (b) H 2 Oused to characterize the CaAOT adsorbed layer. The reflectivity data from both contrasts have been simultaneously fitted to a single structural model, and the fitted parameters are given in Table 2 . This data indicates an overall layer thickness of 35 ± 7 Å at pH 7 and of 38 ± 7 Å at pH 9. The extended chain length of a monolayer of the AOT is reported to be ∼18 Å; 49, 53 hence, we conclude that this adsorbed material is a bilayer. This general behavior is to be expected given that both the solid surface and the surrounding water are hydrophilic and a bilayer structure would avoid unfavorable water−tail interactions.
A single block adsorption model could not fit all the required contrasts, and hence we have used a more complex structural model distinguishing the head and tail regions of the surfactant. This model includes an "inner head" region (close to the solid surface), a "tail region", and an "outer head" layer. The fitted parameters suggest a reasonably complete monolayer adjacent to the solid surface with 40 vol % water at pH 7 and 60 vol % water at pH 9 in the inner head region. The tail region has less water at both pHs. The outer head layer of the bilayer is somewhat more disordered and rather thicker with more water than the inner head region. The hydrophobic tail region has a thickness of 17 ± 1 and 18 ± 1 Å at pH 7 and 9, respectively, which indicates that the surfactant tails in the bilayer interdigitate. The effective area per pair of AOT molecules in the adsorbed material is approximately 70 ± 5 Å 2 at pH 7 and 74 ± 5 Å 2 at pH 9, in good agreement with 78 Å 2 reported previously at the air/water interface. 49, 53 Here we have considered the area per pair of molecules in this comparison as we have a bilayer and the air/water interface has an adsorbed monolayer. Hence, the true area per molecule is half of this value, i.e., 35 Å 2 at pH 7 and 37 Å 2 at pH 9. The surface excess of CaAOT is found to be 2.4 ± 0.5 μmol· m −2 for pH 7 and 2.2 ± 0.5 μmol·m −2 for pH 9. This indicates that the amount of surfactants adsorbed on the surface was very similar at both these pHs. As outlined above one might have expected more cation bridging at higher pH (with more negatively charged surface). In fact, the surface charge density of silica surface does not change much above pH ∼ 7. In performing the fit to the reflectivity data, we have to make some estimate of the molecular volume of the calcium AOT. There is clearly significant uncertainty in this process, and the calculated surfactant layer parameters in Table 2 will vary with any misestimation. The volume of NaAOT can be used to provide a crude estimate of the molecular volume of the Ca(AOT) 2 which is expected to be roughly twice that of the NaAOT (dominated by the AOT part of the combination). The molecular volume of NaAOT in the bulk crystal (671 Å 3 ) deduced from the relative molecular mass (444 g·mol −1 ) and bulk crystal density (1.1 g·cm −3 ) is taken to represent the closest packing the molecules might reasonably be expected to adopt. Hence, it is expected that the surfactant in the adsorbed layer is somewhat expanded relative to this. Here we have essentially allowed an expansion of ∼10% (to give a molecular volume of ∼730 A 3 per AOT) which is not considered unreasonable to allow for conformational degrees of freedom on release of the molecule from the crystal lattice. Once we have the overall molecular volume, there is also some uncertainty over the apportionment of the molecular volume between the "heads" and "tail" regions in the layer. The total number of tail parts of CaAOT in the bilayer is the same as the total number of inner and outer head parts.
Concentration Behavior. Figure 6 illustrates the variation of the CaAOT reflection with concentration. Interestingly, we note that there is rather little change in adsorption at half the CMC (0.25 mM) compared to the bare surface. It is only at the CMC (0.5 mM) that a significant change in reflection, and hence, adsorption is found. This behavior suggests that the selfaggregation of the surfactant might be a significant aspect of the adsorption behavior. The adsorption of the Na-AOT remains low even at twice the CMC of the Na-AOT (see Figure 3) as discussed above. The adsorption onto a hydrophilic surface has been reported to be cooperative and hence switches on sharply at the CMC. 54 ATR-IR. Figure 7 presents the ATR-IR data from the silicon IRE in NaAOT solution at the CMC (2.5 mM) at pH 9 and the silicon IRE in CaAOT solution at the CMC (0.5 mM) at pH 7, 8, and 9. The data present the region of the spectra where we expect to see C−H vibrations from the alkyl groups in the AOT when adsorbed on the surface, as detailed in Table 3 .
The spectrum from the NaAOT at pH 9 does not show any C−H vibrations. Hence, we conclude that here is no significant adsorption of NaAOT under these conditions. This is in excellent agreement with the reflection data above. However, as indicated in Figure 7 , there is a significant change in the spectra and hence enhanced adsorption of the CaAOT at pH 8 and 9 that is not observed for the NaAOT. This is also in good agreement with the neutron data above. Interestingly, ATR-IR data at pH 7 do not show significant CaAOT adsorption. This is somewhat different from the neutron data above where significant adsorption was observed at pH 7. Extensive repeats of the experiment have all shown this behavior. Both ATR and neutrons show the same broad pH dependence with no adsorption at low pH and significant adsorption at high pH. There does however seem to be a subtle difference in the pH at which the adsorption becomes significant. At present, we attribute this difference to the difference in the silicon crystals used for ATR-IR which have a different crystal phase (100 faces) and slightly higher surface roughness (<1 nm) than the neutron reflection crystals (111 faces, 2 Å roughness). In addition, we note there is some small level of uncertainty in the measured pH of the solutions (estimated to be ∼0.5 pH units). We have also considered kinetic issues, given that the neutron reflection experiments are relatively slow. However, even after waiting a significant time, the ATR-IR data did not show adsorption when the reflection data did. There is still some uncertainty over the origin of this small difference.
■ DISCUSSION
The surface charge of silica is pH-dependent, becoming more negative with increasing pH. At pH 4, the surface charge is rather low and becomes more negative with increasing pH. This surface can be modeled by appropriate equilibrium constants. 55 Hence, if the electrostatic repulsion was the main reason inhibiting adsorption, then one might expect a low charged surface (low pH) would have higher adsorption. This is not the case here, where both neutron and ATR-IR do not show any evidence of adsorption.
Another possible mechanism of AOT binding is by the ligand exchange of the surface hydroxyl (−OH) groups by the anionic ligands AOT. 55 This mechanism usually has rather distinctive pH behavior as the number of OH and AOT ions compete at high pH. Hence, the AOT ligand would be expected to exhibit a maximum in adsorption with pH. Again this behavior is not observed. Calculations also indicate that having a high ionic strength cannot be the controlling factor as the CaAOT shows adsorption while the NaAOT does not with ionic strengths of 1.5 × 10 −3 and 5 × 10 −3 M, respectively. Another possibility is cation-bridging where divalent ions bind the AOT to the surface silica. The fact that sodium and calcium behave so differently clearly implicates the ion valency as having a principal role in the adsorption although we have already ruled out simple ionic strength effects, as outlined above. The binding of a cation to the silicon surface is expected to increase with pH as more negative surface groups are produced. Indeed, simple equilibrium models of the Si−OH dissociation combined with divalent cation-bridging to these sites suggest the optimal conditions for adsorption by bridging increase with pH, as observed. Therefore, we tentatively conclude that the mechanism of the CaAOT adsorption here is "cation-bridging".
Adsorption of anionic surfactants onto anionic surfaces has been reported in the presence of a nonionic cosurfactant 56 and onto hydrophilic cellulose which is anionic. 57 Similar adsorption was also reported in colloidal systems. 58 Calcium induced adsorption was also reported for zwitterionic surfactants both experimentally 59 and theoretically. 60 Charge reversal on adsorption of different materials can also be considered as a step toward ion bridgingthe reversal of the surface change makes the surface attractive to a like charged additive. This inversion relatively well-known with multivalent ions and polyelectrolytes and forms the basis of layer by layer deposition of polyelectrolyte multilayers. It has also been shown to modify surfactant adsorption.
61−64

■ CONCLUSION
In this work we present neutron reflection and ATR-IR evidence for the somewhat unexpected adsorption of a negative surfactant on a negative surface. This adsorption is only found to occur to a significant extent in the presence of divalent calcium ions. The adsorption increases at high pH. In contrast, there is essentially no adsorption in the presence of monovalent sodium ions. One possible explanation of this behavior is "cation-bridging".
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